Neuronal intranuclear inclusions are a histopathological hallmark of Huntington's disease. Nevertheless, the precise mechanism by which they are formed and their relevance to neuronal cell death and/or dysfunction remains unclear. We recently generated a conditional mouse model of Huntington's disease (HD94) in which silencing expression of mutated huntingtin led to the disappearance of intranuclear aggregates and amelioration of the behavioral phenotype. Here, we analyze primary striatal neuronal cultures from HD94 mice to explore the dynamics of aggregate formation and reversal, the possible mechanisms involved, and the correlation between aggregates and neuronal death. In parallel, we examine symptomatic adult HD94 mice in similar studies and explored the relationship between aggregate clearance and behavioral reversal. We report that, in culture, aggregate formation and reversal were rapid processes, such that 2 d of transgene expression led to aggregate formation, and 5 d of transgene suppression led to aggregate disappearance. In mice, full reversal of aggregates and intranuclear mutant huntingtin was more rapid than reported previously and preceded the motor recovery by several weeks. Furthermore, the proteasome inhibitor lactacystin inhibited the aggregate clearance observed in culture, thus indicating that aggregate formation is a balance between the rate of huntingtin synthesis and its degradation by the proteasome. Finally, neither expression of the mutant huntingtin nor aggregates compromised the viability of HD94 cultures. This correlated with the lack of cell death in symptomatic HD94 mice, thus demonstrating that neuronal dysfunction, and not cell loss, triggered by mutant huntingtin underlies symptomatology.
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Huntington's disease (HD) is a progressive, autosomal dominant, neurodegenerative disorder (Wexler et al., 1987) . Patients suffer from motor dysfunction, cognitive decline, and psychological disturbances over 10 -15 years until death (Ambrose et al., 1994) . The neuropathology is extremely restricted, with atrophy occurring in the striatum and to a lesser extent in the cortex.
The mutation leading to HD is an expansion of CAG repeats near the 5Ј end of the IT15 gene (The Huntington's Disease Collaborative Research Group, 1993; Rubinsztein et al., 1994; Gusella and MacDonald, 1996) . Although unaffected individuals have 35 or fewer repeats, repeat lengths of Ͼ40 invariably lead to HD. The repeat sequence is translated into a polyglutamine stretch (polyQ) near the N terminus of the IT15 gene product huntingtin (htt). Eight other autosomal dominant neurological diseases are also caused by a polyQ expansion mutation in their respective proteins. These triplet-repeat disorders share an interesting commonality: the presence of intraneuronal aggregates (Ross, 1997; Nakamura et al., 2001) .
The relevance of aggregate formation to the etiology of HD is unclear. Aggregates have been implicated as the trigger for neurodegeneration, because both aggregates and pathogenicity are caused by the same polyQ length threshold . Furthermore, in a transgenic mouse model, these aggregates precede the onset of symptomatology . Inclusions are also a feature in other non-polyQ disorders, such as Alzheimer's disease and Parkinson's disease, thus suggesting that protein aggregation might cause neurodegeneration through a general mechanism (Price et al., 1998; Tobin and Signer, 2000) . Moreover, proteins prone to aggregate, such as mutated huntingtin and cystic fibrosis proteins, have been reported to inhibit the ubiquitin proteasome system (UPS) (Bence et al., 2001) . This inhibition in turn altered the half-life of proteins involved in apoptosis and cell survival (Jana et al., 2001 ). Nevertheless, whereas some studies using transfected cells support aggregateinduced toxicity (Waelter et al., 2001) , others dissociate inclusion formation and cell survival (Kim et al., 1999) and even suggest that intranuclear inclusions may reflect a protective mechanism against soluble htt-induced toxicity (Saudou et al., 1998) .
Using a conditional animal model of HD that reversibly expressed a mutated htt fragment selectively in the forebrain (HD94) (Yamamoto et al., 2000) , we found that abolishing transgene expression in symptomatic mice leads to amelioration of the behavioral phenotype and disappearance of inclusions. This demonstrated that inclusions are dynamic structures and that a con-tinuous influx of the protein is required for disease progression. In this initial characterization, however, the minimum time the cell required to clear the aggregates versus the time the organism required to recover its motor behavior was not established, thus hindering the search for possible mechanisms that underlie the recovery process. In light of this, we have established primary neuronal cultures from HD94 mice. With this system, we explore the dynamics of aggregate formation and reversal, the mechanism responsible for reversal, and the correlation between aggregate formation and cell death. As we gained more insight from the culture system, we then returned to the animal model and reexamined the issues sought in vitro.
MATERIALS AND METHODS Animals
H D94 mice were generated as described previously (Yamamoto et al., 2000) . Mice were bred at the C entro de Biología Molecular "Severo Ochoa" (Madrid, Spain) and C enter for Neurobiology and Behavior (Columbia, N Y). Four to five mice were housed per cage, with food and water available ad libitum. Mice were maintained in a temperaturecontrolled environment on a 12 hr light /dark cycle, with light onset at 7:00 A.M.
Primary culture
Primary cultures of neurons and glia were prepared according to modifications of established procedures (Huettner and Baughman, 1986; Dubinsky, 1989) . Pups were killed at postnatal day 1, and tail tissue samples were taken for ulterior genotyping by PCR. Striatal tissue was then dissected and dissociated individually from each pup with the Papain Dissociation System (Worthington, Freehold, NJ). The rest of brain tissue was maintained in 5-bromo-4-chloro-3-indolyl-␤-Dgalactopyranoside (X-gal) solution (see below) to reveal pups of the H D94 genotype. Striatal neurons were maintained in Neurobasal medium (Life Technologies, Gaithersburg, MD) supplemented with 1% B-27, 5% fetal calf serum, 0.5 mM glutamine, 100 U/ml penicillin, and 100 mg /ml streptomycin, and grown on 3 g /ml laminin (Sigma, St. L ouis, MO) and 10 g /ml poly-L-lysine-coated cell culture chamber slides (Nunc, Naperville, IL). The cells were incubated in 95% air-5% C O 2 in a humidified incubator at 37°C. For inhibition of proteasome activity, neuronal cultures were adjusted to 400 nM or 1 M lactacystin (Calbiochem, La Jolla, CA) and incubated for an additional 48 hr. Control cells were incubated with an equivalent amount of solvent DMSO (up to 0.1% final concentration). Glial cultures received 1 and 3 M lactacystin for 5 d.
Antibodies
The following antibodies were used: anti-huntingtin N-terminal CAG53b (amino acids 1-118 with 51 polyglutamines; a kind gift from Dr. Wanker, Berlin, Germany), anti-huntingtin N-terminal EM48 (amino acids 1-256 of human huntingtin; kindly donated by Dr. Li, Atlanta, GA), anti-␤3-tubulin (Diaz-Nido et al., 1990) , anti-␤-tubulin (Sigma), anti-␤-galactosidase (Promega, Madison, W I), and anti-ubiquitin (Dako, High Wycombe, UK).
Immunocytochemistry and immunohistochemistry
Cell culture. Cultures were fixed in 4% paraformaldehyde (PFA) in 5 mM MgC l 2 -PBS for 20 min and rinsed three times in PBS. Cultures were pretreated with 1% BSA, 5% FBS, and 0.2% Triton X-100 and incubated for 1 hr with primary antibodies at the following dilutions: anti-␤-galactosidase, 1:5000; CAG53b, 1:5000; anti-␤-tubulin, 1:500; and antiubiquitin, 1:600. Next, cultures were incubated in avidin -biotin complex using the Elite Vectastain kit (Vector Laboratories, Burlingame, CA). Chromogen reactions were performed with diaminobenzidine (Sigma) and 0.003% H 2 O 2 for 10 min. Cultures were coverslipped with Fluoromount.
W hole brain. Mice were anesthetized with a xylazine -ketamine solution and transcardially perf used with 4% PFA in Sorensen's buffer for 10 min. Brains were post-fixed in 4% PFA for 2 hr at 4°C and cryoprotected in 30% sucrose solution. Coronal sections (30 m) were cut on a freezing microtome (Leica, Nussloch, Germany) and collected in 0.1% azide -PBS solution. Sections were processed for EM48 and ubiquitin as described previously Yamamoto et al., 2000) .
␤-Galactosidase activity assays
LacZ staining. Cultures were fixed for 20 min in 4% PFA in 5 mM MgC l 2 -PBS. Slides were incubated for 1 hr at 30°C in an X-gal solution: 1 mg /ml X-gal (Boehringer Mannheim, Indianapolis, I N), 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, and 2 mM MgC l 2 in PBS. After staining, cultures were coverslipped with Fluoromount.
O-nitrophenyl ␤-D-calactopyranoside colorimetric assay. Cultures were washed twice with 5 mM MgC l 2 in PBS. C ells were lysed in 250 mM Tris buffer, pH 8.0, with 0.1% Triton X-100. Enzymatic assay was performed as described previously (Sambrook et al., 1989) .
Survival assays
Propidium iodide-calcein staining. T wenty-four hours after plating, cultures were shifted to media without serum, B27, or both. After 24, 48, or 72 hr, cell viability was assessed by propidium iodide -calcein staining (Mattson et al., 1995) . C alcein-AM is taken up and cleaved by esterases present within living cells and leads to a yellowish-green fluorescence, whereas propidium iodide (PI) is taken up by only dead cells and become orange-red fluorescent. In brief, neurons were incubated for 30 min with 2 M PI (Sigma) and 1 M calcein-AM (Molecular Probes, Eugene, OR). After several brief rinses with each medium, cells were visualized by fluorescence microscopy using a Z eiss (Oberkochen, Germany) Axiovert 135 microscope. Four fields (selected at random) were analyzed per well (ϳ300 cells per field) in two independent experiments. C ell death was expressed as percentage of PI-positive cells from the total number of cells.
Hoechst 33342 nuclear staining. Neurons were fixed in 4% PFA in 5 mM MgC l 2 -PBS and pretreated with 0.2% Triton X-100 in PBS. After that, cultures were incubated with Hoechst dye 33342 (2.5 g /ml; Biologics) and visualized under a fluorescence microscope. The percentage of condensed or fragmented nuclei was counted for each genotype and culture condition at 20ϫ magnification. Data are reported as the mean Ϯ SEM (n ϭ 3).
Western blot analysis
Cutures were washed twice with 5 mM MgC l 2 -PBS. E xtracts for Western blot analysis were prepared by homogenizing cells in ice-cold extraction buffer consisting of 20 mM H EPES, pH 7.4, 100 mM NaC l, 10 mM NaF, 1% Triton X-100, 1 mM sodium orthovanadate, 10 mM EDTA, and protease inhibitors (2 mM PMSF, 10 g /ml aprotinin, 10 g /ml leupeptin, and 10 g /ml pepstatin). The samples were homogenized at 4°C, and protein content was determined by Bradford. Total protein (10 g) was electrophoresed on 10% SDS-PAGE gel and transferred to a nitrocellulose membrane (Schleicher and Schuell). The experiments were performed using the following primary antibodies: anti-␤-tubulin (1:5000), anti-␤-galactosidase (1:5000), and CAG53b (1:5000). The filters were incubated with the antibody at 4°C overnight in 5% nonfat dried milk. A secondary goat anti-mouse (anti-␤-tubulin and anti-␤-galactosidase) or goat anti-rabbit (CAG53b) antibody (both 1:5000; Life Technologies), followed by ECL detection reagents (Amersham Pharmacia Biotech, Arlington Heights, IL), were used for immunodetection. Quantitation of immunoreactivity was performed by densitometric scanning. The densitometry values obtained in the linear range of detection with these antibodies were normalized with respect to the values obtained with an anti-␤-tubulin antibody to correct for any deviation in loaded amounts of protein. Statistical analysis was performed using Student's t test.
Mouse behavior
Rotarod. Mice were initially trained on the rotarod (Accelerating model; Ugo Basile, Comerio, Italy) at a constant speed (ϳ20 rpm). Mice received four trials per day for 4 consecutive days, by which time a steady level of performance was attained. On the testing day, the rotarod was set to increase from 4 to 40 rpm over 360 sec. The interval for mice to fall off was measured twice per day for 2 d. 
Cell counting
Free-floating sections (40 m) were mounted on gelatin-subbed slides and processed for thionin staining. A series of measurements running through the striatum at 120 m intervals were taken from brains from 34-to 40-week-old mice. The number of neurons was determined on blindcoded slides with a semiautomated system (Stereoimager). The area of the striatum was traced, and a counting frame was randomly placed within this area. The frame was moved systematically through the striatum, and the cell counts were extrapolated based on a stereologic algorithm. Data were analyzed by factorial ANOVA and presented as mean Ϯ SEM.
RESULTS

Striatal primary neuronal cultures from HD94 mice express mutated exon-1 htt in a conditional manner
In HD94 mice, htt exon 1 protein with a 94 polyglutamine repeat (HD94-htt) and the reporter ␤-galactosidase are expressed in the forebrain under the control of the calmodulin-kinase II␣ (CaMKII␣) promoter in a tetracycline-repressible manner (by using the tetracycline transactivator, tTA) ( Fig. 1 A) (Yamamoto et al., 2000) . Although the activity of the endogenous CaMKII␣ promoter is postnatal (Vallano, 1990) , previous characterization of HD94 mice (Yamamoto et al., 2000) and other conditional transgenic mice generated with the CaMKII␣-tTA mice (Lucas et al., 2001 ) suggests prenatal transgene expression. To confirm that the transactivation system functions in postnatal HD94 striatal cultured neurons from the first day in vitro (DIV), we performed Western blot ( Fig. 1 B, C) and immunocytochemistry (Fig.  1 D-G) experiments to detect both HD94-htt and the reporter gene ␤-galactosidase (lacZ). As shown in Figure 1 B, both proteins were detected in protein extracts of DIV1 striatal cultures from HD94 mice but not from single transgenic (CaMKII␣-tTA or BiTetO) or wild-type mice. The lack of expression in BiTetO single transgenic cultures demonstrated that there is no "leakage" from this construct and that expression is mediated by transactivation via tTA.
After determining that transgene expression was established in the cultures, we next determined how many cells were positive for lacZ. Both immunocytochemistry (Fig. 1 D) and X-gal reactivity (data not shown) revealed that 95% of the neurons expressed the reporter gene.
The tet system used in HD94 mice allows for regulation of transgene expression by inhibition of transcription in the presence of tetracycline (Gossen and Bujard, 1992) . It has been reported previously that a concentration of 1 g/ml tetracycline is sufficient to exert this control in culture (Gossen and Bujard, 1992) . To determine whether this is the case in our primary culture system, we examined LacZ activity after tetracycline treatment. Using an ONPG colormetric assay, we found that a concentration of 1 g/ml tetracycline was sufficient to yield undetectable ␤-galactosidase activity (data not shown). Next, we ascertained the kinetics of silencing of HD94-htt expression. As shown in Figure 1C , Western blot analysis revealed a slight decrease in HD94-htt levels 24 hr after addition of 1 g/ml tetracycline, and the protein could no longer be detected after 72 hr.
HD94 cultured neurons show protein aggregates stained with anti-N-terminal htt and anti-ubiquitin antibodies
Immunocytochemistry with antibodies raised against N-terminal htt (CAG53b and EM48) Li et al., 1999) revealed HD94-htt expression in the majority of neurons in culture (Fig. 1 E-G) . At DIV1 (Figs. 1 F, G, 2A) , diffuse HD94-htt staining was found in the nuclei of all immunostained neurons, and, in a small percentage of neurons, somatodendritic staining was also present. However, after DIV3 (Fig. 2 B) (see Fig. 5A ), only nuclear staining was detected. Closer examination revealed the presence of HD94-htt-containing aggregates (Fig. 2 A, B ) that increased over time (Fig. 2C) . At DIV1, aggregates were present in 13% of the cells. The percentage of neurons bearing aggregates increased progressively until DIV5 when it reaches a plateau, with 30% of the neurons bearing inclusions. Most neurons showed a single nuclear inclusion (Fig. 2 A, B , small black arrows), although neurons with several nuclear inclusions (Fig. 2 A, large black arrow) (see Fig. 6 A) were also found. Occasionally, neurons with cytoplasmic aggregates (either multiple small and dispersed, or a single aggregate by the nucleus) were also found, but only during the first 2-3 d in culture (Fig. 2 A, white arrow, and data not shown). Immunocytochemistry against ubiquitin predominantly revealed those neurons with single or multiple intranuclear aggregates (see Fig. 6 A).
Formation and reversal of aggregates are rapid processes in culture
We have established that the postnatal cultures from HD94 mice demonstrate tTA-mediated expression of both transgenes and that tetracycline efficiently abolished transgene expression. We also found that aggregates were present since the beginning of the life of the culture. To determine the rate at which aggregates form, however, the presence of aggregates at DIV1 might complicate the interpretation of the results. Thus, to synchronize aggregate formation, we decided to suppress transgene expression until after plating. This was achieved by maintaining pups on the tetracycline analog doxycycline (dox) from embryonic day 16 to the day of culture, by administering to the mothers 2 mg/ml dox in their drinking water. Tetracycline was also maintained during the dissociation and removed only at the time of plating. After this protocol, no HD94-htt expression was detected by Western blot or by immunohistochemistry 3 hr after plating (data not shown). HD94-htt is first detected by Western blot at 6 hr and then increases progressively up to DIV3 when it reaches maximal levels (Fig. 3A) . Now that we have synchronized transgene expression to begin after plating, we examined the time required for the formation of aggregates in our primary culture system (Fig. 3B) . By DIV3, aggregates were present in 2% of the neurons, and this percentage steadily increased until DIV6 when it reached plateau. This demonstrates that aggregate formation is a rapid process that requires only 2 d of HD94-htt expression.
We next decided to study the speed and efficiency of aggregate reversal in culture, by abolishing transgene expression once aggregates were detectable (Fig. 3B) . Tetracycline (1 g/ml) was administered at DIV3 or DIV4. One to 2 d after addition of tetracycline, the percentage of neurons bearing aggregates continued to increase. This is not surprising because soluble huntingtin required 2-3 d to be abolished (Fig. 1C) . Nevertheless, after this initial increase, the number of aggregates began to decrease by day 3 of tetracycline administration, and by day 5 aggregates were no longer present. In summary, whereas aggregate formation required 2 d of transgene expression, reversal required 5 d of tetracycline administration, which included 2-3 d for the loss of the soluble fragment. Figure 1 . Striatal primary neuronal cultures from HD94 mice express mutated exon-1 htt (HD94-htt) and lacZ in a conditional manner. A, HD94 mice are derived from crosses between CaMKII␣-tTA (tTA) and HD94htt-BiTetO-lacZ (BitTetO) mice. Coexpression of both transgenes allow for tTA-mediated expression of both HD94-htt and ␤-galactosidase (lacZ; ␤-Gal ) in the following manner: tTA binds to the BiTetO sequence to drive expression of HD94-htt and lacZ through a minimal cytomegalovirus promoter. In the presence of tetracycline, tTA undergoes a conformational change that renders it unable to bind to the BiTetO sequence, and transactivation of the transgenes is prevented. B, Primary neuronal cultures were prepared from the striata of mice of the four possible genotypes: wild-type, tTA, BiTetO, and HD94. Protein extracts from each culture was prepared at DIV1, and the expression of both transgenic proteins, lacZ and HD94-htt, was analyzed by Western blot. The absence of protein in the BiTetO cultures indicate that no leakage is present, and transgene expression is mediated by tTA. ␤-Tub, ␤-Tubulin. C, Primary cultures from control (BiTetO) and HD94 mice in the presence or absence of 1 g/ml tetracycline. Protein extracts were prepared at different DIV and probed with antibodies raised against N-terminal htt and ␤-tubulin (␤-Tub) antibodies to monitor the decay in HD94-htt levels. HD94-htt protein levels were slightly decreased within 24 hr of 1 g/ml tetracycline and reached undetectable levels within 72 hr. C, Control. D, Immunostaining for lacZ demonstrates that 95% of the neurons are positive for the reporter gene. E-G, HD94-htt is expressed in the majority of neurons in culture at DIV1 as revealed by immunocytochemistry with antibodies raised against N-terminal htt (CAG53B and EM48). E, control cultures stained with EM48. F, HD94 cultures stained with EM48. G, HD94 cultures stained with CAG53b. Scale bar, 50 m.
Aggregate reversal in vivo precedes motor recovery
In light of the rapid reversal of aggregates in the culture model, we were prompted to revisit the time required for aggregates to revert in the HD94 mice. Twelve-week-old symptomatic HD94 mice (Fig. 4 D) were stained for HD94-htt using EM48 antibody. In the striatum, intranuclear staining was found (Fig. 4 A) . Higher magnification and thionin counterstaining (Fig. 4 B) revealed that, at this age, apart from the diffuse intranuclear HD94-htt staining, also cytoplasmic and intranuclear punctate aggregates were found (Fig. 4 B) . An antibody against ubiquitin revealed some diffuse intranuclear HD94-htt but preferentially stained for the punctate form, albeit in the cytoplasm or intranuclear (data not shown).
To determine the rapidity at which the HD94-htt cleared, mice were treated with 2 mg/ml dox in the drinking water for 1 or 3 weeks and then assessed for HD94-htt immunostaining. A mild decrease was seen after the 1 week dox treatment (data not shown), whereas after the 3 week treatment, all forms of staining were absent in the regions examined (Fig. 4C) .
In light of the speed at which the HD94-htt disappeared from 12-week-old HD94 brains, we next determined whether the motor dysfunction could recover with equal rapidity. To test motor coordination, 12-week-old mice were assessed on an accelerating paradigm on the rotarod (Fig. 4 D) . Whereas single transgenic control mice could remain on the rotating rod for close to the full 360 sec duration of the test, HD94 mice fell off the rod significantly sooner. The 12 week group was then split to a no dox group, which continued to express the transgene, and a doxtreated group, which received 2 mg/ml dox to eliminate transgene expression (Fig. 4 D, and data not shown). Mice were tested on the rotarod again after 4 weeks of dox treatment. Although 3 weeks were sufficient for a complete disappearance of HD94-htt from the tissue, rotarod performance was not improved, and mice still failed significantly sooner than control. Retesting mice after 8 weeks of treatment led to a significant recovery, and mice were indistinguishable from the age-matched controls. Control mice that received the dox treatment were indistinguishable from the nontreated control group.
Reversal of aggregates is dependent on proteasome activity
We have thus far demonstrated that the aberrant protein HD94-htt can be cleared within 5 d in culture and 3 weeks in 12-weekold mice after tetracycline is administered. Next, we explored the possible mechanism that might account for the reversal. The aggregates found in HD are often ubiquitinated and colocalize with proteasome subunits DiFiglia et al., 1997; Sieradzan et al., 1999; Wyttenbach et al., 2000; Jana et al., 2001) . Similarly, several studies suggest an important role of the ubiquitin-proteasome pathway in other polyglutamine repeat disorders (Cummings et al., 1998 Chai et al., 1999; Stenoien et al., 1999) . This, together with the recently reported inhibition of UPS by mutated htt (Bence et al., 2001; Jana et al., 2001) suggests that proteasome degradation mediates the clearance of aggregates and/or of soluble htt. We therefore tested this hypothesis by using the irreversible proteasome inhibitor lactacystin in the culture model. HD94 striatal neuronal cultures were prepared in which transgene expression was activated right after plating (as described above). Tetracycline was added at DIV4, DIV5, or DIV6 to stop HD94-htt expression. Then, 3 d after the tetracycline, a mild lactacystin treatment was administered to the culture (400 nM to 1 M) for 2 d, and the effect of lactacystin treatment on aggregate reversal was analyzed. As shown in Figure 5A , 5 d of tetracycline in the absence of lactacystin resulted in a reduction of the percentage of neurons with aggregates to 1.5%. However, when lactacystin was present for the last 48 hr, the percentage of neurons with aggregates was more than double (3.6%; p ϭ 0.0012). Therefore, without proper proteasome activity, the aggregate reversal demonstrated previously was significantly hindered.
The postnatal neuronal cultures were quite sensitive to lactacystin and could resist only mild and short treatments. We then decided to study whether the lack of aggregate clearance by lactacystin-treated neurons could be reproduced in other cell types that better resist lactacystin treatments. For this reason, we performed similar experiments on primary glial cultures that were derived from HD94 striata. The glial cultures also showed HD94-htt expression and aggregates (Fig. 5 B, C) . At DIV9, confluent HD94 glial cultures were given tetracycline alone (1 g/ml) or in combination with lactacystin (1-3 M). As shown in Figure  5B , 5 d of transgene silencing with tetracycline resulted in full supression of both HD94-htt expression and aggregates. However, when the proteasome activity was also inhibited, both diffuse and aggregate staining remained. Thus, the aggregate reversal demonstrated in the glial culture was also dependent on fully functional proteasome activity. Together, these results suggested that aggregate formation depends on soluble HD94-htt intracellular concentration and that this, in turn, is a balance between the rate of synthesis and rate of proteasome-mediated degradation of htt. Post hoc Scheffé analysis demonstrated that HD94 mice lost their balance significantly sooner than controls, even after 4 weeks of dox treatment. After 8 weeks, HD94 mice became indistinguishable from control. *p Ͻ 0.001, significant decrease in mean time on rotarod compared with control. Scale bar, 300 m.
Expression of mutated htt fragment does not affect survival of cultured neurons
In vitro experiments that rely on transfection to induce expression of mutant forms of huntingtin often demonstrate that expression of these proteins lead to cell death (Saudou et al., 1998; Kim et al., 1999; Waelter et al., 2001 ). We therefore examined whether similar observations could be made in the primary cultures.
Neuronal death was first investigated by examining the nuclear morphology of those neurons showing aggregates. Aggregates were stained with anti-htt or anti-ubiquitin antibodies (Fig. 6 A) , and the nuclear morphology was revealed by Hoechst labeling (Fig. 6 B) . As exemplified in Figure 6 , A and B, no correlation between the presence of aggregates and condensed or fragmented nuclei was found. Next, to investigate whether HD94-htt expression affected survival of the neuronal cultures, we compared survival of single transgenic control cultures and HD94 cultures, in the presence and absence of tetracycline (Fig. 6C-G) . This was assessed every 24 hr from DIV1 to DIV12, by comparing the percentage of living neurons with dead neurons using Hoechst staining and propidium iodine-calcein double labeling (Fig.  6C-F ) or by counting the total number of neurons (Fig. 6G , and data not shown). No difference in the viability between any of the groups was observed. The lack of neuronal death despite transgene expression was reproduced under different paradigms of trophic withdrawal as well (Fig. 6C-E , and data not shown).
Absence of neuronal cell death in the atrophied striatum of symptomatic HD94 mice
The lack of effect of HD94-htt expression on neuronal survival appears to contradict the progressive reduction in striatal volume found in HD94 mice (Yamamoto et al., 2000) . It is possible that the lack of cell death in the culture system may be attributable to the short life span of the culture. In older mice, however, cell death may have occurred. To explore whether neuronal death contributes to the decrease in size of HD94 striata, we performed stereological analysis of the striatum of 34-to 40-week-old HD94 mice. At this age, HD94 mice exhibit abnormal clasping behavior (Yamamoto et al., 2000) and hypolocomotor activity when placed in the open field (Fig. 7A) . Gross examination of brains from these animals show a marked reduction in striatal size, complemented with an enlargement of the lateral ventricle (Fig. 7 B, C) . Despite these differences, cell counts demonstrated no difference between HD94 mice and controls at this age (Fig. 7D) .
DISCUSSION
In this study, we have used both HD94 mice and HD94 primary striatal cultures to explore the rate of htt accumulation and clearance, the possible underlying mechanisms and the relationship between HD94-htt expression, aggregates, and cell death. We report the following: that aggregate formation and reversal are rapid processes in culture; that full reversal of striatal aggregates is also rapid in vivo and faster than motor recovery; that aggregate reversal is dependent on proteasome activity; and that HD94-htt expression does not affect neuronal survival, neither in culture nor in vivo in symptomatic HD94 mice.
Aggregates and motor symptoms reverted in parallel in HD94 mice during silencing of transgene expression with long doxycycline treatment (Yamamoto et al., 2000) , thus precluding the determination of whether aggregates were causative of the disease. Furthermore, the long-term suppression and reversal did not allow to capture the critical determinants of the recovery. In this study, we revisit the issue of reversal but explore instead the effect of shorter periods of transgene suppression. Additionally, the possible correlation of aggregates and neuronal death was analyzed in primary cultures derived from HD94 mice.
We found that all forms of HD94-htt cleared within 3 weeks in brains of 12-week-old HD94 mice. On the other hand, the motor recovery as measured by rotarod performance required 8 weeks. Although it may be tempting to interpret these findings as aggregate reversal leading to functional improvement, this is difficult to do. As an alternative, our result may be reflecting that the molecular mechanism by which aggregates assemble and disassemble is rapid, whereas motor recovery after transgene silencing probably involves changes in gene expression, morphology, and connectivity that require longer times. Nonetheless, we have narrowed the window of recovery to a period of 5-8 weeks. We are currently pursuing the possible changes that may account for the recovery, by exploring changes in cytoskeletal proteins, plasticity, and changes in RNA levels using cDNA arrays. Figure 5 . Reversal of aggregates is dependent on proteasome activity. A, HD94 striatal neuronal cultures were given 1 g/ml tetracycline (Tet) at DIV4. Three days later at DIV7, when the percentage of neurons showing aggregates is decreasing, 1 M lactacystin (Lact) or vehicle is added. At DIV9, cells were fixed and immunostained with CAG53b antibody. Although abolishing expression of HD94-htt leads to a clearance of aggregates, the presence of lactacystin significantly prevented the clearance ( p Ͻ 0.05). B, C, HD94 striatal glial cultures were given at DIV9 1 g/ml tetracycline with or without 1 M lactacystin. Five days later at DIV14, cells were fixed and immunostained with CAG53b antibody. In the absence of lactacystin ( B), both aggregates and diffuse staining fully revert. However, this is prevented by the lactacystin treatment ( C). Scale bar, 20 m.
Regarding the time frame for aggregate formation, this was already found to be brief in vitro and in transfected non-neuronal cell lines (Scherzinger et al., , 1999 ). Here we established that, in cultured striatal neurons, 2 d of transgene expression is sufficient for aggregate formation. Aggregate reversal occurred with similar speed, requiring a total of 5 d of transgene suppression, 2-3 d of which were required to achieve undetectable levels of soluble HD94-htt.
A surprising observation from the work performed in primary cultures was the lack of correlation between aggregate formation and neuronal death. This, however, fits with several studies performed on HD postmortem tissue and on other polyglutamine disease animal models (Klement et al., 1998; Reddy et al., 1998; Huynh et al., 2000; Simeoni et al., 2000) that support the notion that aggregates do not cause disease. Even more surprising was the fact that neither aggregated nor soluble HD94-htt expression promoted neuronal death. This initially seemed to contradict previous reports of cell death induced by the mutated huntingtin (Saudou et al., 1998; Kim et al., 1999; Nucifora et al., 2001; Waelter et al., 2001 ). However, unlike in the HD94 primary cultures, these experiments depended on transfection of mutated huntingtin. Transient transfection leads to massive levels of overexpression in a low percentage of cells. However, the overexpression in primary cultured neurons is less artifactual than the one attained in transfection experiments. The reason for this is that, during the establishment of the transgenic mouse line, the level of striatal expression of the transgene is adjusted to a maximum compatible with the progression to adult life. Interestingly, most HD94 primary culture neurons express the transgene, and they do so at a level high enough to yield diffuse and aggregated immunocytochemical staining, as well as detection by Western blot.
The lack of HD94-htt-induced neuronal death in culture correlated to the lack of cell loss in the striatum of 40-week-old symptomatic HD94 mice. Together, this demonstrates that mutated htt primarily induce neuronal dysfunction. In postmortem samples of symptomatic HD patients, aggregates are primarily present in regions that demonstrate little to no cell loss . Also in good agreement, a few individuals positive for the mutation have been shown to demonstrate no gross neurological changes (Persichetti et al., 1994) , also designated grade 0 in Vonsatel staging of HD neuropathology (Vonsattel et al., 1985) . Nevertheless, significant levels of neuronal death have been demonstrated in postmortem tissue of later stages of HD (Vonsattel et al., 1985; Portera-Cailliau et al., 1995) . Hence, HD progression may have an initial period of neuronal dysfunction during which there is initiation and maintenance of the disease, followed by a second period during which neuronal loss would contribute and exacerbate the symptoms. Similar results suggesting that neuronal dysfunction rather than death is Figure 6 . Expression of HD94-htt does not affect survival of striatal cultured neurons. A, Anti-ubiquitin immunocytochemistry; B, Hoechst nuclear staining of the same field of DIV6 HD94 striatal neuronal culture. Arrows in A and B show neurons with aggregates and normal nuclear morphology. C-E, Propidium iodide-calcein staining after trophic withdrawal. Propidium iodide stains apoptotic nuclei (see arrow in C as an example), whereas calcein stains the whole body of live cells (see arrowhead in C as an example). Control ( C), HD94 in the absence of tetracycline ( D), or HD94 in the presence of 1 g/ml tetracycline ( E) cultures were prepared as described in Materials and Methods. Twenty-four hours after plating, cultures were shifted to media lacking serum, and, 72 hr later, cell viability was assessed. F, After normal culture conditions and Hoechst nuclear staining, the percentage of condensed or fragmented nuclei was counted for each genotype and culture condition at DIV1-DIV6. Counting was performed at 100ϫ magnification in three different fields of 100 cells each and is reported as the mean Ϯ SEM (n ϭ 3). G, Evolution from DIV4 to DIV9 of the number of neurons immunostained with anti-␤-tubulin in control and HD94 cultures in the presence or absence of 1 g/ml tetracycline. Four fields (selected at random) were analyzed per well (ϳ300 cells per field) in two independent experiments. Scale bars: A, 20 m; E, 50 m. responsible for the early phenotypic manifestations have been reported recently in a mouse model of spinal and bulbar muscular atrophy (Adachi et al., 2001) .
Stereological analyses of other HD mouse models have been performed. Asymptomatic R6/1 mice do not demonstrate cell death (Hansson et al., 1999) , but whether neuronal death is present after onset of symptoms is unknown. A similar model, the R6/2, however, has been reported to show late stage cell loss (Turmaine et al., 2000) . Symptomatic full-length cDNA HD mice have also been reported to show no cell loss (Guidetti et al., 2001) until the mice are at end stage (Reddy et al., 1998) . Although changes in neuronal arborization were found in this recent study (Guidetti et al., 2001) , striatal atrophy had not yet taken place in those mice. Despite the differences between the numerous HD models available, evidence of a "dysfunctional period" is emerging (Tobin and Signer, 2000) . Understanding this period will be critical for therapeutic strategies in polyQ diseases as a whole.
The rapid aggregate reversal was inhibited when lactacystin was administered to the primary neurons. Our findings demonstrated that proteasome activity steadily degrades soluble and aggregated forms of HD94-htt. Similarly, several groups have found that proteasome inhibition leads to an increase in the number of cells containing aggregates (Scherzinger et al., 1999; Wyttenbach et al., 2000; Jana et al., 2001; Waelter et al., 2001 ). Colocalization of htt-containing aggregates with ubiquitin and proteasome subunits DiFiglia et al., 1997; Sieradzan et al., 1999; Jana et al., 2001 ) have lead to the hypothesis that aggregates may cause dysfunction through inhibition of the UPS. Experiments in a mouse model of another polyQ disease, spinocerebellar ataxia type 1, have shown that interference with a ubiquitin-protein ligase leads to a decrease in the number of intranuclear aggregates . Furthermore, recent findings reveal that UPS is inhibited in transfected cells expressing a mutant form of htt. Inhibition was also seen overexpressing a folding mutant of cystic fibrosis transmembrane conductance regulator (Bence et al., 2001) , hence extending this hypothesis to diseases with protein inclusions as a whole.
Proteasome activity has been shown to decline with age in brain tissue (Keller et al., 2000a,b) . Because we have shown that protesasome activity counteracts accumulation of both soluble and aggregated htt, the decline with age of proteasome activity may explain the late onset of HD symptomatology. Accordingly, boosting proteasome and/or chaperone cell systems may help to delay onset and progression of HD (Orr and Zoghbi, 2000) .
In summary, the data presented here strongly indicate that neuronal dysfunction rather than cell loss underlies HD and further support that reversal of neuropathology and symptoms may be feasible in HD. An increasing number of reports indicate that the dysfunction may lie in the ubiquitin proteasome system. Nevertheless, if the level of mutated htt is decreased, we find that neurons have the ability to recover. Finally, our results also suggest that, together with decreasing mutant htt expression, preventing the decline in proteasome activity may also be of therapeutic relevance. 
